Progress in astrometry and orbital modelling of planetary moons in the last decade enabled better determinations of their orbits. These studies need accurate positions spread over extended periods. We present the results of the 2014-2015 Brazilian campaign for 40 mutual events from 47 observed light curves by the Galilean satellites plus one eclipse of Amalthea by Ganymede. We also reanalysed and updated results for 25 mutual events observed in the 2009 campaign.
Introduction
Mutual phenomena between natural satellites -occultations and eclipses -have been successfully used to improve the orbital studies of these moons. For the Galilean satellites, they have been systematically observed since 1976 (Aksnes and Franklin, 1976) . These phenomena occur as the Earth and the Sun cross the orbital plane of the satellites. For Jupiter, they happen every six years.
The photometry of these events offers a reliable source of very precise relative positions between two satellites. They often achieve uncertainties bellow 5 mas (∼ 15 km) (Emelyanov, 2009; Dias-Oliveira et al., 2013; Arlot et al., 2014a; Saquet et al., 2018) . These relative positions can constrain the orbital studies of these moons and give us hints about their structure and formation processes (Lainey et al., 2004b,a, ⋆ Based in part on observations made at the Laboratório Nacional de Astrofísica (LNA), Itajubá-MG, Brazil.
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The uncertainty of the positions obtained from mutual phenomena is usually smaller than the ones obtained by other methods. For instance, classical CCD astrometry achieves uncertainties around 100 mas (∼ 300 km) (Kiseleva et al., 2008) . For satellite-pair distances, the uncertainties are at the 30 mas level (∼ 90 km) (Peng et al., 2012) . Mutual approximations, based in the same geometrical configuration of mutual occultations, achieve uncertainties at the 10 mas level (∼ 30 km) (Morgado et al., 2016 (Morgado et al., , 2019 .
In this paper, we present results for 47 light curves, 31 occultations and 16 eclipses, representing 40 mutual events between the Galilean moons observed by three stations in Brazil, during the 2014-2015 mutual phenomena campaign. We also present one event, an eclipse involving the inner satellite Amalthea (J5). We also used our improved methods to re-analyse 25 light curves, 13 occultations and 12 eclipses, of 25 mutual phenomena observed by our group during the 2009 mutual phenomena campaign. We compared the new results with those by Dias-Oliveira et al. (2013) , Arlot et al. (2014a) and Morgado et al. (2016) .
In Section 2 we detail the observational campaigns. In Section 3 we present the photometry used to produce the observed light curves and describe the new, improved lightcurve fitting procedures developed and used in this work. Section 4.1 contains new results from the re-analysis of 25 mutual events observed in 2009 and the comparison with the older results. In Section 4.2, we present the results for the 47 light curves involving 40 mutual events observed from Brazil during the 2014-2015 campaign. In Section 4.3, we present the result for the eclipse involving Amalthea. Our conclusions are set on Section 5.
Mutual phenomena campaign details
Every six years, during Jupiter equinox, we can observe mutual occultations and eclipses between Jupiter's regular satellites. The results presented here come from the collaboration between five Brazilian institutes. The prediction of these events was provided by the Institut de Mécanique Céleste et de Calcul des Ephémérides (IMCCE) 1 (Arlot et al., 2014a,b) .
The 2009 mutual phenomena campaign was the first large attempt of the kind carried out in Brazil for the Galilean moons. Observations and instruments are described in detail in Dias-Oliveira et al. (2013) . We re-analysed 25 mutual events encompassing 25 light curves, 13 from occultations and 12 from eclipses, and obtained new results for this campaign. Discrepancies between the results obtained by DiasOliveira et al. (2013) and by Arlot et al. (2014a) motivated this re-analysis, see more details in Section 4.1.
The last Brazilian mutual phenomena campaign of 2014-2015 obtained data from three telescopes spread on the South and South-East of Brazil, with apertures ranging between 28 and 60 cm. We obtained 47 light curves, 31 for occultations and 16 for eclipses, from 40 events observed between November 2014 and June 2015. In Table 1 we present the stations, observers and instrumental details of each station. It also contains the number of light curves obtained by each observatory. Moreover, we added the Minor Planet Center (MPC) observatory code of the station (XXX for the station without a code).
In Table 2 , we list the observational details of each observed event. It contains the date of the event and the satellites' pairs in the form " 1 2 " for occultation and " 1 2 " for eclipses, where 1 stands for Io, 2 for Europa, 3 for Ganymede and 4 for Callisto. We furnish the sites involved in each observation (using the alias defined in Table 1 ). For each event, we give the solar phase angle ( ) and the zenith distance ( ), both in degrees. In the last column, we list the instrumental albedos' ratio of the involved satellites (and its uncertainty), determined by using images before and after the event. This albedos' ratio is only needed for occultations.
In all observations we used a narrow band filter centred at 889 nm with a width of 15 nm. This bandpass is in the methane absorption region of the spectrum. We chose 1 Website: http://nsdb.imcce.fr/multisat/nsszph515he.htm this filter because in this spectral region, Jupiter's albedo drops to 0.05 due to the absorption in the upper atmosphere (Karkoschka, 1994 (Karkoschka, , 1998 . Figure 1 shows an example of an image obtained with the 0.6 m Zeiss telescope from OPD. This filter has been successfully used in the 2009 mutual phenomena campaign (Dias-Oliveira et al., 2013) and the mutual approximation campaigns started in 2014 (Morgado et al., 2016 (Morgado et al., , 2019 .
Light curve analysis
In mutual phenomena, one can determine relative positions between the satellites through the analysis of the events' light curves. In our procedure, we simulate theoretical light curves and use them to fit the observed ones.
The parameters of interest are: (i) the impact parameter ( 0 ), the smallest apparent angular distance in the sky plane between both satellite's centres in the case of occultations or between the eclipsed satellite centre and the centre of the eclipsing shadow in the sky plane for eclipses, both cases in a topocentric frame; (ii) the central instant ( 0 ), the instant of time that this smallest distance occurs; and (iii) the apparent relative velocity ( 0 ) between both satellites in the sky plane.
In the supplementary material, we also provide the intersatellite tangential coordinates ( , ). For occultations, these coordinates between both satellitesâĂŹ centres are in a topocentric frame. For mutual eclipses, these coordinates are in a topocentric frame and the mean difference between the eclipsed satellite centre and the centre of the eclipsing satelliteâĂŹs shadow in the sky plane.
Obtaining the observed light-curves
Firstly all images were corrected by Bias and Flat-Field using standard procedures with the Image Reduction and Analysis Facility (IRAF) (Butcher and Stevens, 1981) . Then, we determined the light flux of the targets in the images by differential aperture photometry using the PRAIA package (Assafin et al., 2011) . During an occultation, both satellites are measured together in the same aperture, and a third satellite is used as calibrator. In the case of eclipses, the eclipsed satellite is measured alone in the aperture and the eclipsing satellite (or any other) is used as calibrator. The light curve is then normalised by a polynomial fit so that the flux ratio outside the flux drop gets equal to 1.0, and the flux drop can be adequately evaluated. During the photometry of mutual events, one must take care with the possibility of a parasitic flux, as pointed out by Emel'yanov (2017) and Arlot et al. (2017) . The origin of this flux is likely to be the background (mostly Jupiter's scattered light) or the CCD detector. In our case, we attenuate this parasitic flux with the Methane filter and a rigorous calibration process. Tests showed that the parasitic flux in our images is one order of magnitude below the noise of our observations.
Simulating light curves
The procedures utilised here follow the same principles outlined in Assafin et al. (2009) and Dias-Oliveira et al. (2013) . However, improvements were made in almost every step, as explained in sections 3.2.1, 3.2.2 and 3.3.
The parameters needed in the modelling of a mutual occultation or eclipse can be separated into two complementary types. The first refers to physical characteristics: sizes and shapes of each satellite, and the satellites' albedo for occultations. The second type relates to dynamics, and are the parameters of interest: 0 , 0 and 0 .
Physical parameters such as radius and shape are known from space probes' data. Albedos are determined from auxiliary observations made before and after events with the same instrument setup. The apparent separation in the sky plane between both satellites can be written as a function of the time and the dynamical parameters using equation (1) (Assafin et al., 2009) .
We also need a reflectance model to take into account the phase effect and how the surface of the satellite will reflect the sunlight. For eclipses, we further need some information about the Sun, such as its radius and a model to consider the Sun's limb darkening.
We could do simulations with triaxial bodies with varying albedo, but not for practical purposes, due to photometry limitations. Thus, satellites are considered as spheres with a known appropriate radius, and the albedo is uniform along the surface. The relative velocity between both satellites is constant during the mutual event (a few minutes only). For notation, the occulting/eclipsing is denoted Sat 1 and Sat 2 is the occulted/eclipsed one.
In the simulations of occultations and eclipses, we used the same geometric relations described in detail in Dias-Oliveira et al. (2013) .
Occultation
The first step in simulating a light curve of a mutual occultation is the production of a 2D satellite apparent profile, simulating how the body reflects the sunlight as seen by an observer on Earth. As pointed out by Vasundhara et al. (2017) , it is essential to use a realistic intensity distribution for the satellite.
However, this approach demands previous knowledge about the satellite surface (albedo maps) that can change with time or even for different effective wavelengths, it is important to highlight that these maps are not know for the wavelength of our observations ( 0 = 889 nm). The same applies to the Hapke scattering law (Hapke, 1981; Hapke and Wells, 1981; Hapke, 1984 Hapke, , 1986 Hapke, , 2002 Hapke, , 2008 Hapke, , 2012 used by Emelyanov (2009) , Arlot et al. (2014a) and Saquet et al. (2018) , which requires unknown parameters in the wavelength band of our observations.
We successfully solved these issues by adopting a generalisation of Lambert scattering law given by Oren and Nayar (1994) . The Oren-Nayer model takes into account the direction of radiance and the roughness of the surface in a natural way, so that the reflectance depends only of the albedo and in one more parameter that very smoothly tunes a wide range of surface roughness, and most importantly, regardless of the wavelength. This model realistically reproduces the illumination of an object in modern computer graphic scenes for movies and for the full Moon. (Oren and Nayar, 1994) . In Dias-Oliveira et al. (2013) a simplified version of the model was used. Here, we implemented the complete version in Oren and Nayar (1994) , taking into account the direct illumination and all inter-reflection components of the radiance.
The albedo ratio between the satellites is determined independently, by using observations right before and after the mutual event with the same instrument setup. In DiasOliveira et al. (2013), analytic expressions involving the terminator were used to take solar phase angle effects into account in the evaluation of the flux measurements of albedo observations. Here, following a more rigorous approach, we also simulated the 2D profiles of the satellites for these observations, to better determine the effective area and reflectance of the satellites to compute more accurate albedos.
In fact, first we measured the light fluxes between both satellites ( 1 , 2 ) separately using images right before or after the occultation. In the other hand, we compute the 2D profile of each satellites for the given instants and obtained the simulated light flux for each satellite ( 1 , 2 ), this simulations already take into consideration the size of the satellite and the phase angle. The ratio of albedo ( 1 ∕ 2 ) can be determined using Equation (2). We considered each satellite's albedo as uniform, due to the lack of information about albedo variations for the wavelength of our observations.
Similar to Dias-Oliveira et al. (2013) we discretise the satellite into a 2D profile with elements of a given spatial resolution. However, unlike Dias-Oliveira et al. (2013), we created 2D satellite profiles with much better spatial resolutions, 1 mas (∼ 3 km), avoiding eventual round off errors in the simulated flux counts. The profiles were positioned for each instant of time ( ) using the separation between the satellites, overlapping the occulted satellite with the occulting one when necessary, obtaining a new combined 2D profile of both satellites. The light flux ( ( )) was numerically integrated over the combined 2D profile for a given instant ( ). Then, this is repeated for every instant ( ) of the event to produce the simulated light curve. This simulated light curve was then normalised by the sums of individual fluxes ( 1 + 2 ). Figure 2 shows a simulated light curve for the event when Europa occulted Io on February 22, 2015. The black dots indicate seven instants for which the respective 2D profiles are displayed on each corresponding box. For this event the albedo ratio was 0.960, as determined before the event.
Eclipse
Following Dias-Oliveira et al. (2013), we developed a numerical 2D mask that incorporates the two regions of the eclipsing satellite's shadow, the umbra and the penumbra. This mask was then applied to the 2D profile of the eclipsed satellite, considering the separation between both satellites as seen from the heliocentre. Once again, the spatial resolution was set as 1 mas (∼ 3 km).
For the penumbra region, the fraction of sunlight that reaches the eclipsed satellite was computed by using a numerical method. The solar limb darkening was taken into account by using Hestroffer and Magnan (1998) empirical law, with parameters set for the 889 nm spectral region.
The light flux was numerically integrated for a given instant by using the profile after the mask was applied ( ( )). Then the light curve was normalised using the Light flux of the eclipsed satellite ( 2 ). Figure 3 is a simulated light curve for the event when Europa eclipsed Ganymede on April 12, 2015. The black dots represent seven instants for which the respective 2D profiles are displayed.
Fitting procedure
We took a somewhat different approach from that in DiasOliveira et al. (2013) . Here, the parameters of interest were determined by the minimisation of the Chi-square test, Eq. (3), where the simulated light curve is compared with the observed one.
is the number of observations used in the process, and is the number of parameters fitted ( = 3). is the light curve's standard deviation outside the event (the noise). The parameters ( 0 , 0 and 0 ) for which the chi-square is minimum ( 2 = 2 ) were set as the solution for the observations. The normalised 2 is expected to be around 1 for good fittings.
Initially, a large range of parameter values was tested, then the ranges were narrowed as the iterative process proceeded. For computing speed, the spatial resolution was degraded in the first steps and then is set to the nominal value of 1 mas as we approached the 2 minimum.
The uncertainty of each parameter (1 error bar) was determined by changing that parameter from its nominal solution value, so that 2 changes from 2 to 2 + 1. This procedure is repeated for each parameter: 0 , 0 and 0 .
The procedures described in Section 3 were developed as a PYTHON software that analyses and fits observed light curves. This software uses functions from NUMPY, ASTROPY (Astropy Collaboration et al., 2013) , SCIPY and MATPLOTLIB libraries.
Results of the mutual phenomena campaigns 4.1. Re-analysis of the mutual phenomena between the Galilean moons -2009
From April to October of 2009, 25 light curves for 25 mutual events between the Galilean moons, 13 occultations and 12 eclipses, were observed by our group with the 60 cm Zeiss telescope of the Observatório Pico dos Dias (OPD) using the methane filter. These events were analysed by Dias- Oliveira et al. (2013) and by Arlot et al. (2014a) . However, the results obtained by both presented a significant difference (higher than 3 ).
More recently, Morgado et al. (2016) analysed 5 mutual approximations that were auxiliary observations designed for albedo determinations made immediately before and after mutual occultations from the 2009 campaign. The mutual approximation technique is based on the same geometrical parameters that describe a mutual occultation (Morgado et al., 2016 (Morgado et al., , 2019 . From the measurements of the separation between both satellites, this technique allows for determining the time of maximum apparent approach between these satellites, which can be directly compared with the central instant from the occultation. The results obtained with this independent technique agree within the errors with the results obtained by Arlot et al. (2014a) .
The discrepancy of the results between Dias-Oliveira et al. (2013) and Arlot et al. (2014a) , the agreement between the later with Morgado et al. (2016) for 5 events, and the significant improvements in our light curve fitting procedure motivated us to re-analyse our 2009 campaign data.
Here, we present our updated results for the 2009 events in Table 3 . Table 3 is organised as follows: the date of the event and the satellites' pairs in the form " 1 2 " for occultation and " 1 2 " for eclipses, where 1 stands for Io, 2 for Europa, 3 for Ganymede and 4 for Callisto. We furnish the sites involved in each observation (using the alias defined in Table 1 ). For each event, we give the obtained central instant ( 0 ) and its uncertainty ( 0 ) in seconds of time, and the ephemeris offset (Δ 0 ) in mas; the impact parameter ( 0 ), its uncertainty ( 0 ) and its offset (Δ 0 ) in mas; and the relative velocity ( 0 ), its uncertainty ( 0 ) and its offset (Δ 0 ) in mas per second. All times are UTC. In the last columns, we have the rms between the observed light fluxes and the fitted ones, the number of images utilised ( ) and the normalised 2 of our fit. The corresponding inter-satellite tangential coordinates ( and ) in the sense occulting/eclipsing satellite minus occulted/eclipsed satellite for the central instant can be found in the supplementary material, such form is the same presented by Emelyanov and Gilbert (2006) The re-analysis resulted in a mean uncertainty of 15.3 mas (∼ 46 km) for the impact parameter and 4.9 mas (∼ 15 km) for the central instant. In Table 4 , we compare the updated results with the ones from Arlot et al. (2014a) , DiasOliveira et al. (2013) and Morgado et al. (2016) . The error of each parameter normalises the differences. If the value is less than one, both results agree within 1 . At the bottom, we have the mean difference and the standard deviation for each parameter.
The updated results now agree with those by Arlot et al. 
Mutual phenomena between the Galilean moons -2014-2015
Here we present the results concerning the latest campaign. We obtained new 47 light curves, 31 occultations and 16 eclipses, from 40 events observed by 3 stations in the South and South-East of Brazil.
An example is the event where Europa occulted Io on February 22 2015. The observed light curve is illustrated in Figure 4 . In the upper panel, the black dots are the light flux observed and the red line the model fitted. The bottom panel contains the residuals in the sense observation minus model. For this event, the offset for the central instant was +6.5 mas (∼ 21 km) and for the impact parameter -0.8 mas (∼ 3 km). The offsets regard to the JPL's jup310 and the DE435 ephemeris.
A second example is the case when Europa eclipsed Ganymede on April 12 2015. The observed light curve is illustrated in Figure 5 . For this event, the offset for the central instant was +13.6 mas (∼ 49 km), and for the impact parameter +9.6 mas (∼ 35 km).
The multiple coverage observational strategy reduced the number of events lost by overcast weather or instrumental issues. An example was the Io occultation by Ganymede on March 03 2015, OPD and FOZ observed this event. Also, two other stations in the USA observed this event, one in Arnold (AAC) and another in Scottsdale (SCO). These observations were made in the context of the international mu- tual phenomena campaign PHEMU15, (Saquet et al., 2018; Emel'yanov, 2017) . Both light curves are available at the NSDB. In the Figure 6 we compare our light curves (OPD and FOZ) with the ones analysed by Saquet et al. (2018) (AAC and SCO). The central instant obtained by the observations agrees within 2 . Notice that all curves present similar features and we highlight the small residual in our light curves.
The results for these events are presented in Table 5 . Table 5 is organised as follows: the date of the event and the satellites' pairs in the form " 1 2 " for occultation and " 1 2 " for eclipses, where 1 stands for Io, 2 for Europa, 3 for Ganymede and 4 for Callisto. We furnish the sites involved in each observation (using the alias defined in Table 1). For each event, we give the obtained central instant ( 0 ) and its uncertainty ( 0 ) in seconds of time, and the ephemeris offset (Δ 0 ) in mas; the impact parameter ( 0 ), its uncertainty ( 0 ) and the offset (Δ 0 ) in mas; and the relative velocity ( 0 ), its uncertainty ( 0 ) and the offset (Δ 0 ) in mas per second. All times are UTC. In the last columns, we have the rms between the observational curves and the fitted ones, the number of images utilised ( ) and the normalised 2 of our fit.
The corresponding inter-satellite tangential coordinates ( and ) in the sense occulting/eclipsing satellite minus occulted/eclipsed satellite for the central instant can be found in the supplementary material, such formalism is the same presented by Emelyanov and Gilbert (2006) The mean uncertainty of our results is 14.8 mas (∼ 45 km) for the impact parameter and 7.5 mas (∼ 23 km) for the central instant. The rms relative to JPL ephemeris was 9.2 mas (∼ 28 km) and 13.5 mas (∼ 40 km) relative to IMCCE ephemeris.
From the 2014-2015 events, 10 were also analysed using a different procedure and published by Saquet et al. (2018) . In average, the comparison between this procedure and ours agrees within 1 .
Amalthea eclipsed by Ganymede -02 March 2015
One particular event in our 2014-2015 observational campaign was the eclipse of Amalthea by Ganymede. The astrometry of this inner satellite is not easy to be done due to its proximity to Jupiter (major semi-axis equal to 2.54 Jupiter's radius). Often, coronagraphy techniques are needed to separate this object from Jupiter's scattered light (Kulyk et al., 2002; Veiga and Vieira Martins, 2005; Robert et al., 2017) . The positional uncertainty of classical astrometry for this satellite is in the 120 mas level (∼ 360 km).
The observation of mutual eclipses involving Galilean moons and inner satellite was strongly advocated by Vachier et al. (2002) . The first registration of this kind of event was given by Christou et al. (2010) Here we present the results of one eclipse of Amalthea by Ganymede observed on March, 2 of 2015 at the 1.6 m Perkin-Elmer telescope of the Observatório Pico dos Dias (OPD, MPC code: 874) . This observation was made using the IKon-L CCD camera with the narrow Methane filter 5 . After correcting by Bias and Flat-Field using the same procedure described above, we applied a digital coronagraphy technique to reduce the influence of Jupiter brightness in the images, this coronagraphy was done using the PRAIA package (Assafin et al., 2008 (Assafin et al., , 2009 . Briefly, the procedure is as follows. The centroid of the bright object is iteratively determined. Concentric rings with radius are formed for each image pixel at a distance to the centroid. Quartile statistics of weighted fluxes inside each ring are performed, and for each image pixel an average count is assigned. The result is an improved profile with cleaner pixel counts that better represent the bright object. The profile is then subtracted from the original image, resulting in the final coronagraphed (science) image, see Figure 7 .
Aperture photometry was done using the PRAIA package, where the size of the aperture was manually determined to maximise the signal to noise ratio. The light curve simulation and fitting procedure were the same described in Sections 3.2.2 and 3.3. Notice that Amalthea's triaxial shape is 125 × 73 × 64 km (uncertainty of 2 km in each axis; Thomas et al. (1998) ) and its rotation phase during the event was unknown. However, without any loss of precision, in our simulations, we considered Amalthea as an equivalent sphere with a radius equal to 83.5 km. Because of the time resolution of the observations (8 seconds), the spherical shape was indistinguishable from the elliptical one.
The light curve of this event is illustrated in Fig. 8 . We obtained a central instant with an uncertainty of 19.4 mas (∼ 58.2 km) and an impact parameter with an uncertainty of 76.3 mas (∼ 228 km). This corresponds to a mean uncertainty of 47.8 mas (∼ 143 km). The result of this event is displayed in the last line of Table 5 . The positions obtained by Christou et al. (2010) had mean uncertainty of 82 mas (∼ 246 km) and the ones obtained by Saquet et al. (2016) had a mean uncertainty of 45 mas (∼ 135 km). 
Conclusions
We presented in this paper the results for 40 mutual events from the observation and analysis of 47 light curves, 31 occultations and 16 eclipses, obtained during the 2014-2015 mutual phenomena campaign between the Galilean satellites. The observations were made at three stations in the South and South-East of Brazil, using telescopes with diameters ranging between 28 and 60 cm. We also obtained updated results from the re-analysis of 25 mutual events, 13 occultations and 12 eclipses, observed in Brazil by our group in 2009 with a 60 cm aperture telescope. In all observations, we used a narrow band methane filter centred at 889 nm with a width of 15 nm, that eliminates Jupiter's scattered light.
We used the Oren-Nayer model (Oren and Nayar, 1994) to characterise the reflectance of the surface of the satellites. It is a generalisation of Lambert's scattering law. The main advantage of this model is that it does not require previous knowledge about the satellite surface, and delivers excellent results. The albedo ratio was instrumentally obtained by using satellite observations before and after the mutual occultations, and the same light curve simulation routines that take into account solar phase angle and surface reflectance. In our procedure, the simulated light curves fitted to the observed ones had a normalised chi-square very close to 1.0, indicating good agreement of our model to the data.
The updated results for 2009 now agree within 1 with those from Arlot et al. (2014a) and from Morgado et al. (2016) . The internal mean uncertainty was 10.1 mas (∼ 31 km). For the 2014-2015 campaign, the mean uncertainty was 11.2 mas (∼ 35 km). There is no significant difference between the quality of the data for both campaigns. Our result is comparable with other independent observations during the same campaign, such as the 23 light curves observed by Vasundhara et al. (2017) and the 21 light curves observed by Zhang et al. (2019) , which report uncertainties in the 10 and 20 mas level (30 and 60 km), respectively. Saquet et al. (2018) published the light curves of the international campaign organised by the IMCCE. It reunites 609 light curves with a mean internal uncertainty of 24 mas (∼ 75 km) 6 . From these 609 light curves, 10 were observed by our group, the parameters obtained by Saquet et al. (2018) agree, on average, within 1 with the results presented here.
Compared to the 236 mutual events covered by the 2014-2015 international PHEMU campaign lead by the IMCCE, Observatoire de Paris (Saquet et al., 2018) , the 40 ones covered by our 2014-2015 campaign (with only 5 events in common) represent a significant contribution of about 17%. Notice that this campaign was favourable for the north hemisphere, enhancing the weight of our southern results due to parallax effects. Equally, our new results for the 25 events represent about 15% of the 172 mutual events covered by the international PHEMU campaign of 2009 (Arlot et al., 2014a) . In a similar way, our result for the eclipse by Amalthea is only the 4 ℎ such measurement ever published for the 2014-2015 campaign, after the 3 ones observed by Saquet et al. (2016) , representing a significant contribution to the orbit of this inner satellite of Jupiter. All the data are freely available to anyone at NSDB for further research and orbital fitting.
All these results can be used to improve the orbit and ephemeris of the Galilean satellites (plus Amalthea) taking into account the tidal forces, as pointed out by Lainey et al. (2009) .
The next mutual phenomena events for the Galilean satellites will occur in 2021 and will favour the southern hemisphere, due to Jupiter's declination. An observational campaign such as this one will be organised in due time, the prediction of these events are already in the IMCCE website 7 (Arlot and Emelyanov, 2019) . These campaigns can increase the accuracy and precision of ephemeris and can be helpful to space missions aimed at the Jovian system. For example, we have the ESA mission JUICE 8 and NASA's mis- Note: The results for the mutual phenomena campaign of 2009. 0 stand for the UTC central instant, 0 is the impact parameter and 0 is the apparent relative velocity in the sky plane. Also contains the uncertainty in each parameter ( 0 , 0 and 0 ) and the difference between the fitted ones and the ones expected from the ephemeris jup310 and DE435 (Δ 0 , Δ 0 and Δ 0 ). In the last columns, we have the rms between the observed light fluxes and the fitted ones, the number of images utilised ( ) and the normalised 2 of our fit. Morgado et al. (2016) . Comparison between the different reduction process divided by the uncertainty of each parameter. Note: Similar as the note in the Table 3 for the mutual phenomena campaign of the 2014-2015.
